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Abstract 

Oh 

Q_i Current searches for direct production of scalar top quarks, or stops, in supersymmetry focus on 

Q 

their decays into bW + x° by way of tx° and b\ + ■ While the polarization of the top quark depends 

^__i on the stop mixing, the chargino turns out to be fully polarized when the bottom Yukawa coupling 

> 

i-H can be neglected relative the top Yukawa coupling. We compute the energy and angular spectra of 

On 

the charged lepton in the chargino channel, which could serve as the spin-analyzer of the chargino. 
O 
■^j- In addition, we demonstrate the top polarization could have a significant impact on the selection 

o 

efficiencies in direct stop samples at the LHC, while the effect from the chargino polarization is 
less pronounced. Two observables in the laboratory frame, the opening angle between the charged 
^ lepton and the b quark and the energy of the b quark, are also proposed to optimize searches in 

the chargino channel versus the top channel. 



I. INTRODUCTION 

Supersymmetry is the most popular framework for addressing the stability of the elec- 
troweak scale. Especially after the discovery of a Higgs boson on July 4th, 2012, the precise 
mechanism for, or the lack thereof, stabilizing the mass of the Higgs boson has become one 
of the most outstanding theoretical issues. 

So far experimental searches for any new particles beyond the standard model have 
returned null results. Direct search limits for various colored supersymmetric particles such 
as the gluino and the first two generation scalar quarks, or squarks, have reached the TeV 
regime at the end of the 7/8 TeV run at the LHC The only exception is the third generation 
squarks, which tend to decay to third generation quarks such as the tops and the bottoms 
and, as a result, have much weaker direct search limits in the vicinity of 500 GeV. 

Third generation squarks, in particular the stops, play a special role in cancelling the 
quadratic divergences in the Higgs mass from the top quark. Absence of fine-tuning in the 
Higgs mass requires the stops to be below 1 TeV and, as such, the LHC will be able to either 
discover the stops or put strong constraints on so-called "Natural Supersymmetry," where 
stops are below 1 TeV, by the end of the 14 TeV run. In other words, experimental searches 
for light stops have become the litmus test for naturalness in supersymmetry. 

At the LHC stops are being searched for in direct production samples pp — > t\t\, which 
subsequently decay through either the top channel or the chargino channel [TJ |2] , 

Top : k -> tx° -> (W + b)x° , 
Chargino : ti ->■ bx + ->■ b(W + x°) , 

both of which yield the same final states. However, it turned out that particular choices 
of top/chargino polarizations were made in current searches. Moreover, ATLAS and CMS 
made different choices of polarizations which would lead to different acceptance rates of the 
possible signals [3J. On the other hand, current searches did not optimize between the top 
and the chargino channels by utilizing the different decay kinematics, using instead the same 
selection cuts for both. 

Although the possibility of polarized tops in stop decays has long been studied in the 
literature jlHZ] , the corresponding issue of chargino polarization seems to have received little 
attention |3j . In this brief note we compute the energy and angular spectra of the charged 



lepton in the chargino decay channel of the stop. Much like the charged lepton in the 
top decays could be used as the spin-analyzer of the top spin [HHTU], the charged lepton 
in the chargino channel could serve as the spin-analyzer of the chargino. In addition to 
calculating the lepton spectra, we also study the impact of polarizations on several laboratory 
frame observables, including those employed in selecting signal events in current searches. 
Furthermore, two simple observables, the opening angle between the charged lepton and the 
b quark and the energy of the b quark, are proposed to allow for possible separation of the 
chargino channel from the top channel in stop decays. 

This paper is organized as follows. In Section [IT] we spell out the relevant parameters and 
interaction vertices entering into the stop decays, while the lepton spectra and spin-analyzing 



powers are presented in Section III Then in Section IV we perform Monte Carlo studies to 
study the impact of polarizations on kinematics in the laboratory frame, and propose two 
simple observables to optimize searches in the chargino versus the top channels. In the last 
section we conclude. 

II. POLARIZED CHARGINOS AND TOPS 

The stop mass-squared matrix in the MSSM in the flavor basis (£z,;£r) is given by [llj 



uf=\< +m l +Dl 2 m ' x ; i, (i) 
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In the above s w is the sine of Weinberg angle. The mass eigenstates i\ and t 2 are obtained 
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where 9 t is the mixing angle between the flavor basis and mass eigenbasis. 



We would like to focus on the two channels most relevant for current stop searches [TJ [2] : 
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which have identical final states. The relevant interactions in the MSSM lagrangian are [12 
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where y t = \/2m t /(vsm(3) and y^ = \/2m b /(vcos (3) are the top and bottom Yukawa cou- 
plings. The neutralino and chargino mixing matrices iVy, C/^, and V^- are defined in the 
Appendix A in Ref. [12] . 

The well-known argument for non-vanishing polarization of top quarks in stop decays is 
evident in Eq. ([7]), as the top-stop-neutralino coupling is in general parity-asymmetric [1H6]. 
Moreover, since the top quark decays before it hadronizes, its polarization can potentially 
be measured through the angular distribution of the decay products [STfTU]. which, in turn, 
can be used to constrain the stop and neutralino mixing angles in the event of discovery. 
An early proposal considered similar ideas to measure the stau and neutralino mixings using 
polarized r leptons coming out of stau decays [13] . 

Examining the bottom-stop-chargino coupling in Eq. (J8J), it is clear that charginos from 

stop decays are also polarized in general. In particular, in the limit the b quark is massless, 

yb = 0, the chargino is always in the left-handed helicity eigenstate in the rest frame of the 

stop, with its spin pointing opposite to the direction of its motion, much like the b quark. 

In this limit the chargino is fully polarized independent of the stop mixing parameters. The 

effect of finite b quark mass, however, turns out to be enhanced by tan/3 because of the 

relation 

_ V2m b _ vgmfe v^ tan « (1Q) 

v cos p v sin p v 

for tan/3 ^> 1. Therefore y b becomes as large as y t when tan/3 < m t /m b even though 
rrif, <^C m t . Similar to the top decays, the chargino polarization can in principle be mea- 
sured through the angular distribution of its decay products. In this regard, since the 



VT-chargino-neutralino interaction in Eq. (J9J) depends on both the chargino and neutralino 
mixing matrices, the chargino channel can be used to probe a different set of mixing entires 
from those probed by the top channel. 

It will be convenient to re-write the relevant interactions in terms of effective couplings 
in mass eigenstates. Since the top decay is fixed by weak interactions, in the top channel 
has only one relevant vertex jU [6] 

<7$ t (sin 9® P L + cos $ Pr) Xih, (11) 

where 

tan e it) = y t N j iCos9 t -!fg'N jl sm9 t 

cS v/2 (f N j2 + 9 iN jX ) cos 6 t + ytN jA sin 9 t ' 
In the chargino channel the corresponding vertex is 

g™ b (sin 9$ P L + cos 9™ P R ) xt c h , (13) 



where 



tan nix) _ ybUj 2 sme t 

eS - -gV n cos9 t + y t V 12 sm9 t - ^ 



The vertex for the chargino decay is 

dT W-xh" (sin C° Pl + cos e*F P R ) xt , (15) 

where 



,(W0 -^14^12 + ^^12^*1 



tan C j = ia ^ "' n . (16) 
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III. LEPTON SPECTRA IN STOP DECAYS 



The differential spectra computed below in Sections |IHA| and |IHB| are, for the most 
part, either known previously or similar to those of a polarized top decays with anomalous 
Wtb couplings. They are computed here in order to set the context and double check 
previous results. In particular, we present the matrix elements of the relevant processes 
which might be useful should the experimental collaborations wish to re-weight their Monte 
Carlo simulations in stop searches [2J. 

For a fermion with the spin vector s^, the spin-projection operator is defined as 

£=i(l + 7V) (17) 



such that 



Su s i(p) = 8 as 'U s (p) , u s (p)u s (p) = S($ + m) 
<Sv s >(p) = 8 ss >v s (p) , v s (p)v s (p) =S{j)-m) 
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We assume the chargino (top) in the stop decays is produced on-shell and compute the 
lepton spectra in stop decays in two stages: t\ decays to x^b (t%i) followed by the chargino 
(top) decays. 



A. h -)■ x+6 (txl) 



Given Eq. (13), the amplitude for t\ — > Xob is 

iM = g$ [sm9^u(p b )P L Cu(p^f + cos 9 i * ) u(p b )P R Cu( Pji+ ) T 
where C is the charge-conjugation operator. Using the relation Cu(p) T = v(p), we have 
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x <S(^+ - m^ + ){sin9^P R + cos9^P L 
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Specializing to the rest frame of the chargino, we can write 

l-^l 2 = (siff) 2 m x+ ( E b ~ m b sm26^ + cos29 { * ) \p b \\s\ cos6 l 
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where cos 9 b = p b ■ s, and the energy and momentum of the b quark in the rest frame of the 
chargino is 
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The sign in front of cos9 b can be determined unambiguously by the following physical 



argument: when sin# 



(x) 

cff 



the b quark coming out of the stop decay is always in the 



left-handed helicity eigenstate according to Eq. (13), with the spin pointing opposite to 



its direction of motion. Conservation of angular momentum then implies the spin of the 
chargino to be in the same direction as the b quark momentum. 



The amplitude for t\ — > £%? is computed from Eq. (11) to be 

l-M I 2 = \9ceJ (px° ' Vt + m t m x o sin 20J$ - m t cos 20^jj p x o ■ s) 
= ( g^ft ) m t ( E x o + m x o sin 20^ + cos 26^ \p x o \\s\ cos 9 x o 



(26) 



The first line in Eq. (26) is the Lorentz invariant expression, while the second line is the 



result in the rest frame of the top quark and agrees with the existing result in Ref. [S]. The 



energy and momentum of the neutralino in the top rest frame are similar to Eqs. (23) and 



(24) with the replacements m& — > m x o and m x + — > m t . The sign in front of cos^o = p x o ■ s 
can again be fixed as follows: in the m x o = and sin^ ff = limit, the neutralino is always 
in the left-handed helicity eigenstate. The top quark then has its spin pointing in the same 
the direction as the motion of the neutralino. 



B. X H 
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Using Eq. (|15|), the amplitude-squared for the chargino decay can be written as 
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In the above we have used the short-hand notation c^ = sm9 eS and cr = cos6^, ff . Then 
the Lorentz-invariant expression is 
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where 
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Assuming an on-shell W boson and using the Narrow Width Approximation, we compute 
the normalized doubly differential spectra in the chargino rest frame 

%m\+EiE v (c 2 L + c 2 R ) - Am^+mly [c 2 L Ei + c 2 R E u + c L c R m^o) 
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where cos 9\ = pi • s and 
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The doubly spectra agree with the similar expressions for a polarized top decay with anoma- 
lous Wtb couplings in Ref. [TO], after taking the limit m^o — > 0. 

Integrating over the charged-lepton energy, we arrive at the normalized leptonic angular 
spectrum 
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As a check, the case of top decays can be obtained from the limit cos#g ff = 0, leading to 
the S2/S1 = 1, which is the well-known result that the charged lepton in the top decays has 
the maximal spin analyzing power. These results also agree with similar computations for 
a polarized top decays with anomalous Wtb couplings in Ref. [15] , which included the finite 
m b effect. 
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FIG. 1: Spin analyzing power of the charged lepton from, the decay i\ — > tx{ — > {I vb)x{. P l 



becomes sensitive to only the effective mixing angle 9 c ^ when mi S> m^o . 

C. Spin Analyzing Power 

Using results from the previous two subsections, we arrive at the angular distributions 
of the charged lepton coming out of the stop decays in the rest frames of the top and the 
chargino: 
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In the above the energy and momentum of the b quark in the chargino channel and of the 
neutralino in the top channel are both fixed, as shown in Eqs. p3J ) and ( ]24| ) . Moreover, Q\ 
is defined as the angle between the charged lepton and the b quark (neutralino) in the rest 
frames of the chargino (top). 1 

1 We note that our definition of 0i differs by it from some previous studies on effects of top polarizations in 
stop decays. 
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FIG. 2: 5pm analyzing power of the charged lepton from the decay t\ —> bxf —> b(l + uxi)- 



(t) 



In Fig. hi we plot the spin analyzing power of the charged lepton in the top channel V\ 
as a function of the effective mixing angle 9 e g, for two different stop masses m^ = 600 and 
800 GeV and three different neutralino masses m^o = 100, 300, and 500 GeV. We see that, 
in the limit m^ 3> m^o, V\ only depends on the effective mixing angle and is not sensitive 



to masses of the particles involved. In this limit Eq. (39) becomes 



>(*) 



■m 



Vr^cos29l s , 



(42) 



which is due to the fact that the neutralino becomes highly boosted and, as a result, behaves 
like a massless particle: \p$o\ ~ E^o ^> m^o. 

In Fig. [2] we plot the spin analyzing power of the charged lepton in the chargino channel 
7-j as a function of the effective mixing angle 9 eS . Effects of finite b quark mass is not 
enhanced by tan /3 in the two-body decay kinematics of t% — > bxt and thus can be safely 



neglected. 2 Then two observations can be made from Eq. (41): 1) V\ becomes independent 
of the stop mass m^ , and 2) V\ -H- —7^ for 9 c g -h- tt/2 — 9 c g . Therefore we only showed 
plots for Q^g = 0, which corresponds to a fully polarized chargino in the left-handed helicity 
eigenstate in the rest frame of the chargino. As discussed previously, this is always the case 
except in the large tan/3 ~ mt/rrib- The limit of a right-handed chargino can be obtained 



The tan (3 enhanced b quark mass effect is fully captured in 9 c g , as discussed in the paragraph containing 
Eq. ((10 1. 
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by flipping the sign of the spin analyzing power. From Fig. [2] we see that, in general, the 
spin analyzing power of the charged lepton is quite sensitive to both the chargino and the 
neutralino masses, except when m-+ 3> m^o. 

IV. LAB FRAME OBSERVABLES AT THE LHC 

In this section we use Monte Carlo simulations to study impacts of chargino and top 
polarizations in direct stop searches at the LHC, as well as kinematic variables in the labo- 
ratory (Lab) frame which would allow for discrimination between the top channel and the 
chargino channel. We will use the following benchmark scenarios: 

• TopLl: m~ tl = 600 GeV, m^o = 100 GeV, and 0^ = tt/2. 
TopL2: m h = 800 GeV, m^o = 100 GeV, and 0^ = tt/2. 

• TopRl: m h = 600 GeV, m^o = 100 GeV, and 0^ = 0. 
TopR2: m h = 800 GeV, m^o = 100 GeV, and 0^ = 0. 

• ChaLl: m h = 600 GeV, m^+ = 300 GeV, m^o = 100 GeV, 0^ = 0, and 6 { J ] = tt/2. 
ChaL2: m h = 800 GeV, m^+ = 700 GeV, rn^o = 100 GeV, 0^ } = 0, and 6 ( J ] = tt/2. 

ChaRl: m~ u = 600 GeV, m-+ = 300 GeV, m^ = 100 GeV, 6 ( * ] = 0, and 6 { J ] = 0. 



Xi 

Hi — " ww uc v ) " l xi — I ww "^ v , n^j — xww vj<o v , w cS — w, anu u eff 



ChaR2: m h = 800 GeV, m-+ = 700 GeV, m f o = 100 GeV, 0^ } = 0, and 0^° = 0. 



We generate 20,000 parton level events using Madgraph 5 [16] for each of the benchmarks. 
The simulations are validated by comparing the angular spectra of the charged lepton with 



those in Eqs. (38) - (40). In particular, we focus on events where W + decays leptonically 



and W decays hadronically so that the final states are 

pp -> iit\ -> 2j + 26 + 1+ + $ T (43) 

for both the top and the chargino channels. 

We would like to study effects of polarizations on the acceptance rates in experimental 
searches for direct stop production at the LHC. In Fig. [3] we plot, for the purpose of il- 
lustration, spectra of four kinematic variables used in current searches for the benchmark 
scenarios with mj = 600 GeV. We then impose kinematic cuts on the four kinematic vari- 
ables, as summarized in Table [Tj The cut flows as well as the spin-analyzing powers for the 
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FIG. 3: Kinematic distributions ofi\ — > bxf —> b(l + vxi) a t the parton level, without any selections. 

charged leptons for each of the benchmark scenarios are listed in Table [TTJ from which we 
see that the polarization of the top quark could potentially have a significant impact on the 
selection efficiencies in current searches and the resulting limits on stop masses, while the 
impact of the chargino polarization seems less significant. In particular, Cut 1 in Table [I] 
has the strongest dependence on the top polarization. This dependence is mostly due to the 
Pt spectrum of the charged lepton, as can be seen from Fig. [3j 

It should be noted that, in the current study, we do not include effects of the hadronization 
of the quark in the final states as well as any detector resolutions on the energies, because the 
main purpose here is to understand how polarizations could affect the kinematic variables 
used in experimental selection cuts without introducing additional biases from hadronization 
and detector resolution. In addition, we do not impose any cuts on the decay products of t\ 
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Cut 1 



Cut 2 



p T > 30 GeV and \rj\ < 2.4 for both the 
charged lepton and the b quark 
|r > 150 GeV and M T > 120 GeV 



TABLE I: Parton level cuts to study impacts of polarizations on kinematic variables. 



^ = 8 TeV 


TopLl 


TopRl 


TopL2 


TopR2 


ChaLl 


ChaRl 


ChaL2 


ChaR2 


Events 


20,000 


20,000 


20,000 


20,000 


20,000 


20,000 


20,000 


20,000 


Cut 1 


15,508 


12,316 


16,313 


13,118 


14,765 


16,996 


17,855 


18,100 


Cut 2 


11,226 


8,117 


13,409 


10,092 


7,586 


6,408 


13,922 


13,719 


Vi 


-0.99 


+0.99 


-1.00 


+1.00 


+1.00 


-0.22 


+1.00 


-0.85 



TABLE II: Cut flows and spin analyzing powers of the charged lepton for the benchmark scenarios. 



since there is not correlation between decay products of t\ and t\. Our results suggest that 
fully realistic simulations including effects of polarizations, especially in the top channel, is 
warranted and deserves further scrutiny. 

Next we consider two Lab frame observables which could differentiate between the 
chargino channel from the top channel in stop decays. The two variables we consider are 
1) 9bi the opening angle between the charged lepton and the b quark and 2) E\, the en- 
ergy of the b quark in the Lab frame. The results, after the selection cuts in Table [T], are 
shown in Figs. [4] and [5j In particular, since experimentally it is very difficult to measure the 
charge of the b quark on an event-by-event basis, the plot for cos 6^ takes into account the 
combinatorial factor of not being able to distinguish the b quark from the b quark. 

In Fig. we see that cos#m from the top channel t\ — > tx° — > (W + b)x° is in general 
much smaller than from the chargino channel t\ — > b\ + — > b(W + x°). The physics is simple 
to understand: the charged lepton and the b quark both come from the top decays in the 
top channel, and tend to move in the same direction because of the boost of the top quark. 
This is to be contrasted with the chargino channel where the b quark originates from the 
2-body decays of the stop. Moreover, in the rest frame of the chargino the direction of the 
b quark is the natural axis of polarization for the chargino. We see from comparing the 
two benchmarks of ChaRl and ChaR2 that the opening angle in the Lab frame does retain 
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FIG. 4: Cosine of Obi, the opening angle between the charged lepton and the b quark in the Lab frame. 
Results shown here are after the selection cuts in Table [7| and take into account the combinatorial 
factor of not being able to distinguish a b quark from a b quark. 

some sensitivity to the polarization of the chargino. It is also worth noting that the major 
irreducible background for the stop decays is the standard model tt production, in which 
case the b quark and the charged lepton are also from the top decays and tend to move in 
the same direction, similar to the case of the top channel of stop decays. 

Given that cos 9u retains sensitivity to the polarization of the chargino, in the event of 
discovery one could define the forward-backward asymmetry: 



.4 



(60 

FB 



{fo-J°i) dcos9 



da 
bl dcos6 b i 



I°i + Io) dcose - 



da 
bl dcose 



(44) 



to measure the polarization, and hence the mixing angles defined in Eqs. (13) - (16). 



Following the same observation that the b quark in the top channel originates from the 
top quark while that in the chargino channel comes from the stop decays, the kinematics 
of the b quark could in principle help distinguish between those 6's that are from the stop 
decays versus those from the top decays. In Fig. [5] we plot the energy distributions of the 
b quark in the Lab frame for the benchmarks we consider. Notice that, unlike the angular 
spectrum in 9u, there is no combinatorial factor due to not being able to tell the b from 
the b, since both of them should have identical energy spectra. From Fig. [5] we see the 
simulations bear out the intuition that the b quark kinematics behave differently in the top 
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FIG. 5: Energy distributions of the b quark in the Lab frame after the selection cuts in Table [7| 
Notice that there is no combinatorial factor in this case since the energy distributions are identical 
for both b and b quarks. 

and the chargino channels. In fact, the energy of the b quark from the top decays is peaked 
not far from the fixed energy in the rest frame of the top quark, which is 



2 2 2 

m t — miy — mi 



2rru 



70 GeV . 



(45) 



It was shown in Ref. [T7] that for unpolarized top quark decays, the peak in the energy 



spectrum of the b quark is invariant under any boost and exactly as in Eq. (45). In our case, 



the top quark is not completely unpolarized and one does see some dependence on the top 
polarizations in Fig. [5j Nevertheless, it is worth pointing out that the top quark produced 
in the standard model ti production is unpolarized and the energy spectrum of the b quark 
from this irreducible background would have a peak very close to the value predicted by 



Eq. (45). For the b quark from the chargino decays, its kinematics is largely determined 



by the stop decays and the peak in the energy distribution is again not far from the fixed 
energy in the rest frame of the stops given by 



2 2 2 

m~ — m% + — mi 

^1 X, 



2m- tl 



(46) 



Therefore in ChaLl/ChaRl benchmarks the peak is at approximately 225 GeV while it 
is at around 95 GeV for ChaL2/ChaR2, which seem to give pretty accurate locations of 
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the maximum b energy in Fig. [5j Moreover, the shift in the peaks due to the chargino 
polarization is much less than the corresponding shift due to the top polarization. 

V. CONCLUSIONS 

In this work we considered polarizations issues in stop decays in both the top and the 
chargino channels. Energy and angular spectra of the charged lepton were presented and 
the possibility of the charged lepton as the chargino spin-analyzer was studied. 

We also performed parton-level Monte Carlo simulations to study impacts of polarizations 
on kinematic variables in the laboratory frame at the LHC We found that the selection 
efficiencies in the top channel could be affected significantly by the polarization, while the 
corresponding effect in the chargino channel is less significant. In addition, we proposed two 
variables in the laboratory frame, cos 9^ and Ej,, to optimize the searches in the chargino 
versus the top channels. Our results suggest simulations including full detect effects and 
relevant backgrounds are warranted and should be undertaken. 
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